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89 Independent Executable Modules
in SCALE 6.1

csasb -[ bonami ] -[keno dancoff] -[ kmart5 c5toc6 ] -[ mt2vtk aim ] collect_output

-[ csas6 |H bonamist |H kenova |H arplb |H kmart6 -[ genwgts || mtadder ] -[ aiax |H scale
-[ mavric ] -[ cajun ] -[ kenovi ] -[ couple ] -[ modify ] -[ gwas ] -[mtaverager] -[ alpo ] scalerte
H medancoff |H centrm |H monaco |H opus |H sams5 |H kstoké | mtbinop 'H awl |4 shell
-[ sas1 ] -[ chops ] -[ newt ] -[ origen ] -[ sams6 ] -[ legend ] -[ mtmultiply ] -[ cadillac ]
- smores |H crawdad |H newtomp |H prism |H swif |H mal |k mtspit 'H cognac |
-[ starbucs ] -[ nitawl ] -[ gads ] -[ reorg ] -[ tsar ] -[mim2wwinp] -[ newsie ] -[ compoz ]
-[ triton ] nitawlst -[ xkba ] xseclist -[ tsunami-ip -[ mt2ascii ] -[ picture ] -[ ice ]
-[ triton6 ] -[ pmc ] -[ xsdrn ] -[ tsurfer ] -[ mt2msm ] -[ gadcggp ] -[ lava ]
-{tsunami-1d] worker @ -[ vsadder ]-[ malocs ]
-[ wgt ] -[ paleale ]
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AMPX Modular Code System
(pre-Modernization Effort)
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ampx90lib‘ = broaden | = lipton ~ jamaicanj = aim = perfume‘ B ceextract‘ = cadillac | = ampx * = bonami |

r endfLib ‘ -rcatmandu‘ = makpen _’ kinkos 1 -r ajax _’ prilosec | - cereader‘ -r cognac ‘ -rschedulerj = centrm
r samrml ‘ -r charmin ‘ - pickeze _' kinzest ‘ -r alpo _’ rade | - cetestlib‘ -r covcomp‘ -rtestcasesj - ice
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Hypothetical SCALE 6.1 Calculation

B o Initialize Execute Update Execute Complete
Sequence B Module C Sequence B Module D Sequence B

Read input Read Read Read Read Read
: A control control control control control
Graphical +
User \ \ \ . . .
Interface | | Write input | | Read input | | Read input | | Compute | | Read input | | Check if
B B C something D done
Write | | Read dat | | Read dat Write | | Read dat | || Write
output - A B output D J output
r \ ,
| | Write Compute ead | | Write input pute Write
control file somethin C D somethin control
Create Cgmpute Write Quit
input C sofmething | outpu
/
Write input Write
C output
Write i Writ
outp D control
e Write
ontrol control

%OAK RIDGE

8 SCALE/AMPX Modernization National Laboratory



Legacy AMPX Framework
(pre-Modernization Effort)

- AMPX framework and operation are similar to SCALE 5
* 77 modules

* Testing not integral to system: these legacy practices
leave many features untested as changes occur

* Need improved testing suite to more readily identify ENDF data
and processing issues

- Several codes that provide key functionalities are
“fragile” and difficult to update

- Leverages some SCALE features, but integration is loose
and features can easily get out of phase

- Legacy AMPX software not updated under formal quality
assurance plan

* Objective: Modernize AMPX software to improve overall
reliability and quality of nuclear data libraries for SCALE

%QAK RIDGE

ional Laboratory



SCALE 7 Modernized Concept

SCALE

Text Input ' Dat.a
Visualizer Interactive

Data Plots Viewer
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User

Reusable Data

Computational Resources
Sequences
and Modules
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and 1/O

Text Output
HTML Output
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Database

Output
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Progress Towards Modernization

Modular Data Modular Physics

Neutron and Gamma Cross Sections Cross-section processing

Continuous-energy and multigroup physics for
Monte Carlo analysis

Cross-section Covariance Libraries

ORIGEN Depletion, Decay and Activation
Methods

Activation, Depletion, and Decay Libraries
Sensitivity / Uncertainty Methods

Geometry Package for Monte Carlo and
Method-of-Characteristics (MoC) Transport

Composition data

and Visualization
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Computational Benefits of Modernization

* As loaded canister with 24 fuel assemblies with 18 axial zones

3.7 Minutes
with

* Nearly 2000x speedup for extreme case

SCALE 6.2

5 Days with
SCALE 6.1

Model Total /I'ime\(sec)
Assemblies Materials Homogenized Cells XSProc / \ Legacy
1 79 18 1023 / \ 92
2 153 36 19.18 / \ 389
3 227 54 28.97 / \ 1,100
4 301 72 39.51/ \ 2,398
24 1781 432 223.66 440,000

"Projected runtime.

100

Memory Requirements for Used Fuel Caculation

=o=Legacy

=&=XSProc

Memory (GB)
=
o

10 100
Number of Mixtures




Problem-dependent Doppler Broadening

- KENO updates CE data ——
to user-specified -t prolem Dependens
temperature
~ S(a,p) i S~
— Resolved resonance \\‘\\, >
— Unresolved resonance S

» Significant impact on thermal solutions,
such as Silene benchmark

Temperature (K) 1k ________[Rel.Unc._____

293.0 1.022831 0.000057
326.8 1.016286 0.000055

Dolta kpom) | 655

-
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Application of Enhanced KENO

 High-fidelity AP-1000 startup calculations in conjunction with
Westinghouse and CASL

m ”nlulnnlulu
— Each axial region of each pin is unique region for tallies |

— Reference solution for power distribution
— Auto-generated 8,000,000 line input
— 688,000 units

— 50 billion total particles
— 180 processors

— 10 days on wall clock
— Max uncert. 3.4% 7
— Credit: Andrew Godfrey —:

High-Fidelity Neutronic
Analysis of the
s \Westinghouse AP1000




Modular Capabilities Integrated for
High-Performance Computing
Future SCALE Monte Carlo Code - Shift

CE Physics

Geometry

Sensitivity /
Cross Section Uncertainty
Data Methods
Composition
DEE]




The Innovation
Excellence

Efficiency
=
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0.90-

0.85r

0.80

10° 10°
Number of processors

Early science modeling of AP1000°

102 particle histories

232 000 cores (TITAN)

pin-by-pin power (49 axial levels)
~4 hour wall-time (25 MCPU-Hours)

Shift is being integrated to run from SCA
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Fulcrum -
Emerging Integrated Interface
“SCALE Workbench”
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New Data Libraries

* New CE cross-section data for neutron interactions, gamma yield, and
gamma interactions (sponsored by NRC)

« New MG neutron libraries

* Provides parameters for intermediate resonance approximation for
rapid resonance self-shielding techniques

« 252-group energy structure (sponsored by NRC)
« 56-group energy structure (sponsored by NRC and DOE NE )

« Extensive test suite
« 381 VALID benchmarks
« 6300 transmission tests
« 5000 infinite medium tests

« ENDF/B-VII.O libraries released
with SCALE 6.2 Beta1-3

« ENDF/B-VII.1 libraries will also
be included in Beta4

C/E keff

I ' I T I T I
s A e ENDF/VILI
1.005 |~ S ® ENDF/VILO —
: . TS .-+ Exp. Uncertainty
- REEE SR
L DL e R : ‘
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% o no S ‘. o ‘$3¢ .. °
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@ : wen,
.. P : PR ) . . _t‘,‘z . R
PRI L
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| 1 | 1 | L |
0 20 40 60 80
Case num! ber
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Sensitivity and Uncertainty
Enhancements

» New cross section covariance library | - e
based on ENDF/B-VII.1 and previous - &5
SCALE 6.1 data

« Sensitivity computations with
continuous-energy Monte Carlo

 New statistical sampling code
“Sampler” for general UQ of Scale
MG Sequences

* New fission product yield covariances

* New decay data covariances

t. ty 0
3
7 m
25
5
I
I
F
3
<
- -
»
8
o ) M
]
g
2
NZ I3
. N 3 1 ocoocooor ¥
Lob585°20808
4] PEYS
Q

* New gamma interaction covariances

10~= 1

Incident Energy (MeU)
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SCALE 6.0-6.1 Covariance Library (401 materials)
. DataSource | Materials

ENDF/B-VIIL.0 152,154-158,160Gd’191,193|r’7|_i, 99TC, 232Th
ENDFIB-VII-p 197AU, ZOQBi, 59CO, 23Na, 93Nb, 58Ni, 239PU, 48Ti, 233,235,238u*’ \V
27A|, 241Am, C, C-graphite, 50’52'54CI’, 65CU, 156Dy’ 54,56-58|:e’ |n’ 55Mn’ 60-62,64Ni’

ENDF/B-VI 206-208ppy 242pyy 185187Rg 45S¢, Sj, 28-30Gj 89y
JENDL 3.3 1B, 240.241py
JENDL 3.3+BLO 160
SG-26 234,236U, 242,242mAm, 242-245Cm’ 237Np’ 238pu
BLO LANL evaluation +JENDL 3.3 9B, 'H, H-ZrH, H-poly, Hfreegas
BLO LANL evaluation 6Lj

225221\, 107109110m 1A 243244244mAm  36,38.40Ar 74-T5Ag,  130,132,133,135-138,140B 5.
79Be. Bebound, 249250Bk 79.81Br Cg, 4042-444648Ca (Cd, 106,108,110-114,115m,116C
136,138,139-144Cg,  249-254Cf (| 3537C| 241.246-250Cm 5858mCq 133-137Cg.  63Cy,
158,160-164D)y, 162,64,166-168, 170y, 253-255F g, 151-157Ey, 19F, 255Fm, Ga, 6971Ga, 153Gd,
7072-7476Ge, 23H, Dfreegas,34He, Hf, 174176-180Hf 196,198-202.204Hq ~ 165Hq,
127129131135 113115|n K 3941 78.808286Ky, 138-140 g 175176y Mg, 24-26Mg, Mo
BLO Approximate Data 92,97-100 145N 94.95N|l  142-148,150 BON|i 235236 238,239 1700 31p 231-233pa
’ Mo, 1415N, 94.95ND, 190N d, 9°Ni, 235236.238239Np, 170, 31P, Pa,
204pp  102,104-108,110Pf  147,148,148m,149,151Py  141-143Py  236,237,243,244,246Py;  85-87Rpy
103,105Rh ~ 96,98-106Ry S 32-3436G  121,123-126Gfy  74,76-80,82Gg  144,147-1545m
112-120,122-125Q ~ 84,86-90Gy  181,182Tg  159,160Th ~ 120,122-126,127m,128,129m,130Tg
227-230,233234Th T 46.474950T| 232237,239-241() \ 182-184,186\\ 123,124,126,128-136)X g

QN Q1\/z_ =27 aN.0OR=7

ENDF/B-VIIL.0: evaluated covariance data released with ENDF/B-VII.0 | JENDL-3.3: evaluated covariance data in JENDL-3.3

ENDF/B-VII-p: recently evaluated data proposed for future release of | BLO approximate data: lo-fi covariances from BLO project
ENDF/B-VII.1 (Brookhaven, Los Alamos, ORNL)

ENDF/B-VI: evaluated covariance data released with ENDF/B-VI BLO LANL evaluation: LANL R-matrix evaluation from BLO project

* 2351 | tharmal nithar data from IENDI R QQCR.I27R annrovimate covariancee from WPEC <tibaroiin-2A



ENDF/B-VIiI.1 Neutron Covariance Nuclides

h1 ti50 tc99 sm151 pb204 np235 bk245 h-zr2

h2 cr50 ru101 sm152 pb206 np236 bk246 o-beo

he4 cr52 ru102 eu153 pb207 np237 bk247 0-u20

li6 cr53 ru103 eu155 pb208 np238 bk248 si28 si20

li7 cr54 ru104 gd152 bi209 np239 bk249 si29_si20
be9 mn55 ru106 gd153 ac225 pu236 bk250 si30_si20
b10 fe54 rh103 gd154 ac226 pu237 cf246 u235 u2o
b11 fe56 pd105 gd155 ac227 pu238 cf248 zr90_zr zrh
C fes7 pd106 gd156 th227 pu239 cf249 zr91 _zr zrh
n15 co59 pd107 gd157 th228 pu240 cf250 zr92 zr zrh
016 nis8 pd108 gd158 th229 pu241 cf251 zr93 zr zrh
f19 ni60 ag109 gd160 th230 pu242 cf252 zr94 zr zrh
na23 y89 1127 er166 th231 pu244 cf253 zr95 zr zrh
mg24 zr90 i129 er167 th232 pu246 cf254 zr96_zr zrh
mg25 zr91 xe131 er168 th233 am240 es251 h-benzene
mg26 zr92 xe132 er170 th234 am241 es252 benzene
al27 zr93 xe134 tm169 pa229 am242m1 es253 graphite
si28 zro4 cs133 tm170 pa230 am243 es254 h-liquid_ch4
si29 zr95 cs135 w180 pa232 cm240 es254m1 d-cryo_ortho
si30 zr96 la w182 u230 cm241 es255 h-cryo_ortho
cl35 nb95 cel141 w183 u231 cm242 fm255 d-cryo_para
cl37 mo92 pr141 w184 u232 cm243 al_thermal h-cryo_para
k39 mo94 nd143 w186 u233 cm244 fe_thermal h-solid_ch4
k41 mo95 nd145 ir191 u234 cm245 bebound

ti46 mo96 nd146 ir193 u235 cm246 be-beo

tid7 mo97 nd148 au197 u236 cm247 h-h20

ti58 mo98 pm147 1203 u238 cm249 d-d20

ti49 mo100 sm149 1205 np234 cm250 h-poly

%OAK RIDGE
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% Standard Deviation

H Capture Uncertainty
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% Standard Deviation

Pu-239 nubar uncertainty
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U-235 nubar uncertainty

% Standard Deviation

121 7

11r ENDF-VII.1 u-235-nubar 1
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Energy
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SCALE 6.2 Covariance Library

« ENDF/B-VII.1 for 187 isotopes;
- SCALE 6.1 data retained for ~215 missing nuclides

« SCALE 6.1 includes covariance data from ENDF/B-VII.0,
pre-released ENDF/VII.1, Lo-Fi uncertainties from BNL-
LANL-ORNL, and other sources

» Modified ENDF/B-VII.1 23°Pu nubar and H capture
uncertainties

« ENDF/B-VII.1 233U nubar covariance replaced by SCALE 6.1
covariance

 Chi uncertainties processed from new ENDF/B-VII.1 file 35

* Previous SCALE chi uncertainties were generated from Watt spectrum
data

o *™*SCALE 6.2 covariances similar to SCALE 6.1 for many nuclides
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% Standard Deviation

Pu-239 nubar uncertainty
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Three covariance group structures investigated:
44, 56, and 252 - U-238 n,gamma shown

% Standard Deviation
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44, 56, and 252 group structures
U-238 n,gamma
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Impact of Group Structures

File sizes:

0.03 - 449 — 38 MB
569 — 61 MB
0025 - 2529 — 1.1 GB

0.02 - 56g will be distributed
with SCALE 6.2

0.015 A
0.01 A

0.005 -

Ack

-0.005 =

-0.01 A

-0.015

-0.02 -

252G -44G [J252G-56G
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SCALE Training

* Hands-on training courses and workshops presented at
— ORNL
— OECD/NEA Data Bank in Paris
— NRC Headquarters, conference venues, and user facilities

* FY14 Statistics:

— 14 week-long courses
— 2 conference tutorials
— 233 participants from 24 nations




More Information
SCALE Website (scale.ornl.gov)

— Publications/Training

Validation and benchmark reports

— Downloads

o SCALE Newsletter

» SCALE Users Group forum

On-demand assistance

— scalehelp@ornl.gov

* Facebook page

facebook.com/scale.codes

Suite for Nuclear Safety Analysis and Design

KENO3D

JAVAPENO TSUNAMI ORIGEN-ARP

Welcome to SCALE

SCALE is a comprehensive modeling and simulation suite for nuclear safety analysis and
SCALE Home design developed and maintained by Oak Ridge National Laboratory under contract with
the U.S. Nuclear Regulatory Commission, U.S. Department of Energy, and the National
Nuclear Security Administration to perform reactor physics, criticality safety, radiation
shielding, and spent fuel characterization for nuclear facilities and

P de

Highlights

Newsletter

transpor age

Notebooks SCALE Newsletter Number 46, Spring 2014, is now

Downloads available.®

Training Upcoming SCALE Training Courses
Validation SCALE 6.1.3 Update is Available

|
Overview Information

|
Publications

SCALE Trainin

|
More Info Order SCALE 6.1 from RSICC

contact the SCALE team directly.

~ Discussion categories

SCALE 6.1
Topics about SCALE 6.1

SCALE Training
Topics related to SCALE training courses

SCALE 6.0
Topics about SCALE 6.0

SCAIFE50.51

PHOTOS > SCALE
5 ale Posted by Brad Rearden

SCALE Car - Spotted on the streets of Stockholm. Submitted by Bjorn
Dahlbom and Henrik Liljenfeldt of SKB.

February 24, 2014

SCALE Users Group ¥ R+ Membership and email

Welcome to the SCALE Users Group. This group provides a OAK
developers to discuss topics of interest regarding the SCALE RIDGE S‘ AL E N ews e l l e r
are welcome to post new questions or reply to questions pos

will be monitored by the SCALE development team. Please
sensitive or proprietary information to this forum. For these t;

SCALE that are nd Fvr=yvim

from NEA Data Bank

scale

Nuclear Systems Modeling & Simulation

from RIST/NUCIS
ith SCALE 6.1

\' ational Laboratory

Number 46 Spring 2014

High-Fidelity Reactor Modeling with KENO
Andrew T. Godfrey

Recent advances in SCALE's continuous-energy Monte Carlo capabilities have enabled
high-fidelity reference solutions for reactor modeling within the Consortium for
Advanced Simulation of Light Water Reactors (CASL), a US DOE Energy Innovation
Hub that is focused on advanced modeling and simulation of commercial pressurized
R —— water reactors (PWRs). Currently in its fourth year, CASL has steadily demonstrated
USLSTATS - UPPER SAFETY progress towards completing a high-fidelity, multi-physics, largely parallel reactor core
LIMIT STATISTICS PROGRAM o "
UPDATE... =z y, recently an analysis of the initial startup physics testing
of Tennessee Valley Authority's (TVA) Watts Bar Nuclear Unit | (WBNI). From the
(I:EOSO?#I‘:)T;EO?:HS:“T:IE\'I‘ALS N beginning of the consortium, which is led by Oak Ridge National Laboratory (ORNL),
TRITON ... CASL has depended on SCALE developers and software components for its success and
in return has significantly contributed to the latest SCALE capabilities, testing, and
validation bases.

In This Issue

HIGH-FIDELITY REACTOR

SCALE PUBLICATIONS ..

SCALE 6.2 STATUS ...

SCALE 6.1.3 UPDAT!

SCALE QUALITY ASSURANCE 5

SCALE SPOTLIGHT ..............
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TRAINING....
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UPCOMING SCALE TRAINING
COURSES 10

Figure 1. KENO-VI 3D normalized fission rates and
uncertainties for initial WBN | criticality

In beta testing the latest capabilities in SCALE 6.2 (including parallel calculations with
KENO, greatly reduced memory footprint, improved accuracy, and problem-dependent
temperature  corrections), CASL has generated over 120 continuous-energy
Monte Carlo neutronics reference solutions for PWR fuel geometries ranging from
single pin-cells up to 3D quarter-core reactor models. Results from these high-fidelity
models include eigenvalues and pin-by-pin fission rate distributions. These results are
based on publicly available data, mcludmg comparisons to measured plant data when




Conclusions

« SCALE has been continuously developed and
deployed since 1980 and is relied on by 6200 users
iIn 54 nations for nuclear safety analysis and design,
regulation, and research

« SCALE modernization provides improved
performance, accelerated integration of new
features, and a solid physics foundation for
advanced high-performance computing

» Consolidation of SCALE / AMPX development and
deployment processes provides cross-section
generation capabilities for external users and
improves efficiency of development process
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Questions?

scale

Nuclear Systems Modeling & Simulation

Brad Rearden
Manager, SCALE Code System
reardenb@ornl.gov
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